In this paper, a tubular combustor along with a single shaft micro-gas turbine system was experimentally tested with a producer gas fuels. In order to carry out the experiments, a low cost single shaft micro-gas turbine was developed. The system was characterized first with liquefied petroleum gas (LPG) and then tested with two producer gas fuels in a dual fuel mode. The tests were examined in terms of LPG fuel replacement, turbine entrance temperature, efficiency and emission characteristics at different LPG fuel replacement ratios. The study showed a maximum LPG replacement of 42% and 56% on energy basis for producer gas1 and producer gas2, respectively.
Introduction
Biomass has a potential to be one of the energy alternative solutions for the future. The availability and variety of biomass put it as the fourth energy resource [1] . Among all available renewable resources, biomass is the only resource which can be converted to gaseous, liquid and solid product [2] . Oil palm fronds (OPF) is the main component of oil palm residues [3] . Researches show that the morphologically structure of the frond fibers is comparable to those of hardwood. In the recent few years, an extensive research on OPF gasification was conducted in the Biomass Energy Laboratory of Universiti Teknologi PETRONAS [4] [5] [6] . The results showed that the produced gas of OPF gasification is comparable to that of hardwood [4] .
Micro-gas turbines running on producer gas are an applicable option for distributed power generation. Compared to other internal combustion engines, micro gas turbine offers several advantages such as: high power to weight ratio, low emissions and fuel flexibility [7] [8] [9] . The use of producer gas to drive micro-turbines for power generation is an attractive choice especially in rural area. The main challenge of utilization producer gas in energy production is due to its low energy density. For same amount of power, the flow rate of producer gas fuel may reach seven times that of natural gas on volume basis [7] . Studies on producer gas fired micro gas turbine were conducted by a number of researchers [10] [11] [12] [13] . The studies showed a stable operation with a comparable thermal efficiencies when the conventional fuels were replaced with producer gas. Different studies have investigated the combustibility and dynamic stability of gas turbine combustors when the natural gas is switched to a simulated syngas [14, 15] . The results showed no problems regarding the combustor dynamic and static stability.
The present work aims to study the effect of burning a low calorific value simulated producer gas fuel in a single shaft micro gas turbine. A low cost turbocharger based single shaft gas turbine was developed at the Biomass Energy Laboratory of Universiti Teknologi PETRONAS. The system was characterized first to LPG fuel then two producer gas fuels were tested.
Experimental Setup and Test Method
The single shaft micro-gas turbine is consisted of a combustor, compressor and turbine; a schematic diagram of the experimental rig is shown in Figure 1 . The used combustor is a 50 kW maximum thermal input tubular type with a 259 mm diameter and D/L ratio of 2. The air entered to the combustor radially from the bottom side of the combustor where it mixed with the fuel and then combusted. The exhaust gas exit from the top and entered to the turbine. A Garrett GT2854R turbocharger was selected and mounted to be used as a single shaft turbine. Since the selected turbocharger rotate with a high rotational speed, a vehicular oil pump was used to provide the turbocharger with the Oil. The fuel supply system for the dry simulated producer gas and LPG was installed for this study. LPG which supplied from the cylinder passed through a pressure regulator, control valve and flow meter then injected into the combustion chamber. Two producer gas fuels were selected to replace LPG. Producer gas1 (10.53% H 2 , 24.94% CO, 2.03% CH 4 , 12.80% CO 2 , and 49.70% N 2 ) was produced by pre-heated air gasification of oil palm fronds (OPFs) in a fixed bed gasifier [4] . Producer gas2 (21.62% H 2 , 32.48% CO, 3.72% CH 4 , 19.69% CO 2 , and 22.49% N 2 ) was produced by co-gasification of coal and pine saw dust in fluidized bed gasifier [16] . The producer gas passed through a pressure regulator and flow meter then injected at compressed air line 100 mm before the combustor entrance.
Fig. 1 Schematic of the single turbine setup
In this work, the combustion was started on LPG then a gradually replacement of LPG with producer gas was applied. The flow rate of the used fuels was measured using calibrated CONCOA flow meters. A calibrated Pitot tube was used to measure the flow rate of air leaving the compressor. Six type-K thermocouples were used to monitor the temperature of the system at different pints. For exhaust emissions analysis MRU VARIO plus industrial infrared gas analyzer was used.
Results and Discussions
Based on LPG fuel, the minimum heat input required for the stable operation was 21.56 kW with a total flue gases flow rate of 0.0209 kg/s. For producer gas1 fuel, the maximum achievable replacement ratio was 42% with a producer gas share of about 27% on energy basis and total flue gases flow rate of 0.0215 kg/s. While for producer gas2, the maximum achievable replacement ratio was 56% with a producer gas share of about 47.5% on energy basis and total flue gases flow rate of 0.0216 kg/s. The effect of producer gas calorific value was noticeable in the value of LPG replacement. Producer gas2 has a higher calorific value as compared with producer gas1 which effected in a higher replacement. For the dual fuel mode, the minimum heat input required was less as compared to LPG which reflects the effect of increase of the total flue gases in the dual fuel mode. Figure 2 the effect of LPG replacement with producer gas fuels on the turbine inlet temperature. For both tested producer gas fuels, turbine inlet temperature was the highest when LPG fuel was used then it starts to decrease with the increase of producer gas ratio. Normally, the combusted gas temperature is affected by some factors including burning velocity, adiabatic flame temperature and the diluents effect. For the used producer gas fuels which has a high CO 2 and N 2 concentrations, it is normal trend that the turbine inlet temperature decreases with the increase of producer gas replacement ratio because of the dilution effect of CO 2 and N 2 . For the same replacement ratio, the turbine inlet temperature for producer gas2 was higher compared with producer gas1; this is due to the higher presence of H 2 and CO in producer gas2 as compared with producer gas1. In addition, the concentration of N 2 in producer gas2 is higher as compared with producer gas1 which may affect in further lowering of the temperature for producer gas2. Figure 3 is the effect of LPG replacement with producecer gas fuels on the combustor efficiency. The combustor efficiency was calculated based on the ratio of the thermal energy content in the flue gases leave the combustor to the combustor thermal energy input [13] . For low LPG replacement ratio, the combustor efficiency decreased with the increase of producer gas replacement, this behavior continued till the replacement ratio reached around 5%. Beyond this point, the behavior is switched to a different mode in which the efficiency increases with the increase of the replacement ratio. This can be explained by the change in the amount of total flue gases associated with the increase of producer gas ratio.The increase of LPG replacement ratio would affect in increase of the total flow which consequently would effect in increase of the flue gases total energy content. Figure 4 is the effect of LPG replacement with producer gas fuels on the turbine efficiency. The turbine efficiency is highly affected by the mass flow rates and the temperature differences at the compressor and turbine. The replacement of LPG with producer gas fuels has a contradictory effects, that the higher flow rates would affect in efficiency improving, at the same time and due to the diluents effect this process will be associated with a temperature reduction. The replacing of LPG with producer gas was affected in improving of the turbine efficiency. The turbine efficiency was improved with about 0-12% for producer gas1 while it was around 8-15% for producer gas2. This is due to the effect of the higher mass flow rate for producer gas fuels compared to LPG.
Shown in
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Shown in Figure 5 is the effect of LPG replacement with producer gas fuels on CO and NOx emissions. The CO emissions showed a tendency to increase with the increase of the replacement ratio. This is a common result that the CO emissions increase with the decrease of the combustor temperature. In the case of dilution with non-flammable gases such as N 2 and CO 2 , these dilutes affects in the lowering of flame temperature which affects in slowing of the reaction rate of CO and H 2 and hence increase of CO emissions. At the same replacement ratio, the CO emissions for producer gas2 were found to be higher as compared with producer gas1. This is because of the higher CO concentration in producer gas2 as compared with producer gas1.The highest level of NOx emissions was recorded at LPG fuel. For all tested producer gas fuels, replacing of LPG with producer gas fuel showed a less NOx concentration as compared with LPG. This is due to the temperature reduction associated with the LPG replacement. The reduction in NOx concentration for producer gas1 was in a range of 37.5%-62.5% while it was 43.4%-51.5% for producer gas2. The different trends of NOx reduction for producer gas1 and producer gas2 replacements is due to the different concentrations of N 2 and CO 2 dilutes in each producer gas fuel.
Conclussions
An experimental study was conducted on a low cost turbocharger based micro-gas turbine. Two different producer gas fuels were tested to replace LPG which was the reference fuel. Based on the thermal heat input, a maximum LPG replacement of 42% and 56% with stable operation were achieved for producer gas1 and producer gas2, respectively. In addition, a remarkable reductions in NOx emissions were recorded for LPG replacement tests. On the other hand, the CO emissions were increased.
